Piping Plover (Charadrius melodus) numbers have declined continentally in the last 50 years, due in part to permanent destruction of breeding and wintering habitats, and reduced reproductive success (Sidle 1984 , Haig 1992 . This decline has resulted in the Piping Plover being listed as an endangered species in Canada (Haig 1985) , endangered in the Great Lakes region of the United States, and threatened elsewhere in the United States (Sidle 1984) . Low reproductive success is considered a limiting factor to the recovery of Piping Plovers in the Northern Great Plains (Haig 1992 , Ryan et al. 1993 , Murphy et al. 1999 ; however, this aspect of demography has been documented at relatively few alkali lakes (Haig and Plissner 1992 Murphy et al. 1999) . Monitoring reproductive success is considered a priority for the recovery of this species (U.S. Fish and Wildlife Service 1994) .
Factors thought to affect reproductive success of Piping Plovers include weather (e.g., Grover and Knopf 1982 , Haig and Oring 1988 , Sidle et al. 1992 , fluctuating water levels (e.g., Mayer 1990 , Sidle et al. 1992 , Espie et al. 1998 , Skeel and Duncan 1998 , and egg and chick predation (e.g., Rimmer and Deblinger 1990 , Mayer and Ryan 1991 , Melvin et al. 1992 , Mabee and Estelle 2000 . The importance of these factors can vary annually and with the type of breeding site (Larson et al. 2002) .
Big Quill Lake, Saskatchewan, is a large alkaline wetland and is an important breeding site for Piping Plovers in North America. In 1996, the site had the largest breeding population (435 birds) of any site in North America-8% of the continental population and 26% of the Canadian prairie population (Skeel et al. 1997) . However, numbers fluctuate widely from year-to-year: the last three International Censuses at Big Quill Lake reported 151 adults in 1991 (Haig and Plissner 1992) , 435 adults in 1996 (Plissner and Haig 1997) , and 105 adults in 2001 (Ferland and Haig 2002) ; Harris and Lamont (1991) Skeel et al. 1997) .
Even though Big Quill Lake can support a large breeding population of Piping Plovers, there is very little information on Piping Plover reproductive success at this lake and the role it plays in the overall conservation of this species. The purpose of this paper is to examine the reproductive success of Piping Plovers at Big Quill Lake by documenting nesting chronology, nesting success, and fledging success. Knowledge of Piping Plover reproductive success at such an important breeding area will increase our ability to conserve and manage this endangered species.
METHODS
Study area.-Big Quill Lake (51Њ 53Ј N, 104Њ 15Ј W) is a large (30,700 ha), shallow, saline basin on the Central Saskatchewan Plains about 200 km east of Saskatoon. The shoreline is primarily alkaline mudflats, and is approximately 200 km long when the basin is full. The upper beaches are partially to fully vegetated with alkali grass (Distichlis stricta), western sea-blite (Suaeda depressa), Nuttall's salt-meadow grass (Puccinellia nuttalliana), northern reed grass (Calamagrostis inexpansa), and wild barley (Hordeum jubatum). In 1993 and 1994, the basin was approximately 60% flooded, and beach width was approximately 1,000 m (Harris 1993 (Harris , 1994 . In 1995, the water level in Big Quill increased due to heavy snowfall the previous winter, resulting in a beach width of Ͻ200 m (Harris 1995) .
Nest surveys.-Our study area was located on the east side of Big Quill Lake and composed approximately one-third of the shoreline. During 1993-1995, we surveyed the study area at least twice weekly from 7 May to 30 August. We searched for territorial pairs of Piping Plovers (birds calling, exhibiting aggressive or defensive behavior, or performing courtship displays) by systematically walking or slowly traversing the shoreline with an allterrain vehicle (ATV). We watched territorial birds from a distance of 50-100 m, which allowed birds to return to their nest. We plotted the location of all birds on a map of the study area. We marked nests with pin-flags placed at least 30 m away in the adjacent vegetation, and plotted nest locations on an aerial photograph of the shore. We determined nest occupancy using a 15-60ϫ telescope from a distance of 50-100 m during repeat visits. We visited nests every 3 days during initiation and early incubation. Most nests were located during egg-laying; when full clutches were found, a single egg was floated to estimate incubation stage (Schwalbach 1988) . We estimated hatch dates assuming a 6-day egg-laying period and a 28-day incubation period (Whyte 1985) . We used this information to return to nests near hatching and band chicks before they moved away from their nest. Although young plovers generally left the nest scrape shortly after the last egg hatched, they were rarely far from the scrape during the first few days, and the broods remained close to their nest site until they were capable of flight.
Chicks were banded with a standard federal aluminum leg band, and either one or two colored celluloid bands to allow for further recognition without recapture. Color-banded broods were checked every 2 to 3 days to monitor survival and movements, and all nests and broods were followed until fledging or nest failure. Young that disappeared after they reached 21 days of age were considered to have fledged (Haig 1992) . We defined fledging rate as the number of young fledged per breeding pair. Murphy et al. (1999) suggest that fledging rate is the most important measure of reproductive success for the Piping Plover, because it represents ''a direct link to recruitment.'' We defined the number of breeding pairs as the number of first nests. We distinguished first nests from late nests based on break points in nest-initiation dates, and assumed that late nests were renests. Between mid-July and mid-August, we made weekly visits to six staging areas located outside the study area to check for marked young that may have been alive but missed during surveys of the study area.
Statistical analysis.-We used the Mayfield method to estimate nesting success (Mayfield 1961 (Mayfield , 1975 . Nests were considered successful if at least one chick hatched. Mayfield nest success was defined as (1 Ϫ daily mortality rate) N , where daily mortality rate ϭ number of nest losses/total exposure days, and N ϭ nesting period. The average nesting period from nest initiation (first egg) to hatching (first hatch) was 33 days. We also estimated egg success (proportion of eggs that hatched) and fledging success (mean number of fledglings per breeding pair).
We used Cox regression survival analysis to examine the effect of year on survival of broods. The Cox proportional hazards model (Cox 1972 ) models the hazard rate or the rate of failure. The hazard rate is assumed to be a function of time, but this method does not attempt to characterize the function (Nur et al. 2004) . The null hypothesis is that the ratio of hazard rates ϭ 1 (i.e., no difference between groups). Survival analysis includes time-todeath and time-to-end-of-monitoring data for broods that were still alive when monitoring ceased. Survival analysis is useful when the ultimate outcome may be uncertain (i.e., when it is not possible to continue monitoring nests due either to weather or the culmination of the nesting cycle). For our study, we were certain how long broods survived, but only until monitoring ceased. Data are considered to be right-censored when the start time is known, but (brood) failure time is unknown. Our data were right-censored because there was incomplete information on the outcome (i.e., we do not know when all individuals died). We defined survival time as time from hatch to the last day chicks were observed. Chicks were assumed to have died if they disappeared before 21 days of age. As long as one chick in each brood survived to the end of monitoring, the brood was still considered to be alive. We compared brood survival for 1993 to 1995 and 1994 to 1995.
We used the Kruskal-Wallis rank sum test to determine whether nest-initiation data varied among years, and we used linear regression to determine whether clutch size decreased with nest initiation. We used logistic regression to determine whether nest and fledging success-both measured as binary response variables (1 ϭ success, 0 ϭ failure)-were dependent on nest-initiation date (all nests combined). We used S-PLUS (Mathsoft, Inc. 1997) Egg-laying commenced by the 2nd week in May and continued until the 2nd week in July. Over half of all nests were initiated in a 4-day period from 11 to 14 May. The median date of nest initiation was 14, 13, and 13 May in 1993 1. Proportion of Piping Plover broods surviving (presumed) from hatching to fledging at Big Quill Lake, Saskatchewan, 1993 Saskatchewan, -1995 . Chicks that disappeared after 21 days were assumed to have fledged.
not differ among years (Kruskal-Wallis 2 ϭ 0.52, df ϭ 2, P ϭ 0.77, n ϭ 208). However, in 1993, 18% (n ϭ 9) of nests were initiated after 26 June, whereas in 1994 and 1995, no nests were initiated after this date.
We estimated 42, 71, and 83 breeding pairs in 1993, 1994, and 1995, respectively, based on the estimated number of first nests. In 1993, no nests were initiated between 2 and 26 June; thus, we assumed that the nine nests initiated after 26 June were renests. In 1994, no nests were initiated between 14 and 20 June and the two nests initiated after 20 June were considered renests. In 1995, no nests were initiated between 14 and 20 June and we assumed that the single nest initiated on 21 June was a renest.
Clutch size.-Mean clutch size was 3.92 Ϯ 0.02 eggs/clutch for presumed first nests and 2.25 Ϯ 0.28 eggs/clutch for late nests (all years combined). Clutch size decreased with nest-initiation date (linear regression: ␤ ϭ Ϫ0.035, SE ϭ 0.002, F 1,207 ϭ 461.27, P Ͻ 0.001). Late nests had a mean of 1.89 Ϯ 0.2 (n ϭ 9), 3 Ϯ 1 (n ϭ 2), and 4 (n ϭ 1) eggs per nest in 1993, 1994, and 1995, respectively. Of 51 nests initiated in 1993, 2% (n ϭ 1) had five eggs, 75% (n ϭ 38) had four eggs, 8% (n ϭ 4) had three eggs, 12% (n ϭ 6) had two eggs, and 4% (n ϭ 2) had one egg. In 1994, of 73 nests initiated, 88% (n ϭ 64) had four eggs, 8% (n ϭ 6) had three eggs, and 4% (n ϭ 3) had two eggs. Of 84 nests initiated in 1995, 1% (n ϭ 1) had five eggs, 94% (n ϭ 79) had four eggs, and 5% (n ϭ 4) had three eggs.
Nesting success, fledging success, and brood survival.-Mayfield nest success was high in all years (75, 82, and 88% in 1993, 1994, and 1995, respectively) . The probability of nesting success decreased with later nestinitiation dates (logistic regression: ␤ ϭ Ϫ0.040, SE ϭ 0.012, t ϭ Ϫ3.50, df ϭ 1, P Ͻ 0.001). One percent (n ϭ 1), 42% (n ϭ 96), and 52% (n ϭ 148) of chicks fledged in 1993 , respectively. In 1993 .02 young fledged per breeding pair, whereas in 1994 and 1995 fledgling success was 1.35 and 1.78 per pair. Nests with later hatch dates had lower fledging success (logistic regression: ␤ ϭ Ϫ0.047, SE ϭ 0.017, t ϭ Ϫ2.85, df ϭ 1, P ϭ 0.001). Brood survival was lower in 1993 than in 1995 (Z ϭ 3.45, P Ͻ 0.001), but was not significantly different between 1994 and 1995 (Z ϭ 1.73, P ϭ 0.084; Fig. 1 ).
DISCUSSION
Median nest-initiation dates in this study were similar to those found at Big Quill Lake in 1980 and 1981 (13 May and 9 May; Whyte 1985) , and at Lake Diefenbaker, Saskatchewan (e.g., 12 May in 1992 and 9 May 1993; Espie et al. 1998 ). However, the 1993 nesting attempts at Big Quill Lake were the latest reported in over 10 years of monitoring, and no young fledged from those nests (Harris 1993) . Harris (1993) attributed the late nesting to large losses of nests and broods in early spring during a period of inclement weather. Piping Plovers can renest once or twice in a season if the eggs are destroyed, and there are records of them producing two broods in a year (Bottitta et al. 1997) ; however, usually they raise only one brood per year (Haig 1992) .
A seasonal decline in clutch size and reproductive success has been well documented for birds in general (e.g., Lack 1968 , Klomp 1970 , Perrins 1970 , Daan et al. 1989 , and Piping Plovers in particular (Knetter et al. 2002) . We found a similar pattern of larger clutch sizes and greater hatching success in early nests. We also found that clutch sizes of Piping Plovers at Big Quill Lake were similar to those reported from other studies (Haig 1992) . The smaller average clutch sizes in 1993 were likely the result of a large renesting effort. Declines in reproductive success over a season are thought to be related to physiological or energy demands related to timing of breeding (Lepage et al. 1999 ), or to lower quality or fitness of later breeders (Verhulst et al. 1995) .
Mayfield nest success was consistently high from 1993 to 1995 and was greater than nest success estimates from other sites (e.g., Mayer and Ryan 1991 , Patterson et al. 1991 , Loegering and Fraser 1995 , Mabee and Estelle 2000 , Lauro and Tanacredi 2002 . Several factors may explain the high nest success at Big Quill Lake from 1993 to 1995. First, predation pressure at Big Quill Lake may be lower than at other lakes in the region due to the relatively wide shoreline, which lowers the probability of predators detecting nests (Prindiville Gaines and Ryan 1988 , Espie et al. 1996 . Even though we observed a dramatic change in the average distance from nesting sites to water from 1994 to 1995, productivity changed little between these years, suggesting that beach width in 1995 (200 m) was still above the minimum threshold required for good nesting success. In fact, productivity was slightly higher in 1995, when the beach was narrower, suggesting that even when water levels are high at this lake, the distance from water to nesting sites, and/or from permanent vegetation to nest sites, may still be sufficient to allow for high nest and fledging success. In addition to the wide beach, there are few trees, shrubs, or other perch sites in proximity to the nesting areas around Big Quill Lake, which may have reduced perching opportunities for avian predators. Disturbance by humans and cattle was low at Big Quill Lake, but is known to reduce productivity in some areas (e.g., Burger 1994) . Mayfield nest success estimates from our study, and from more recent studies at Big Quill Lake (2002 -2004 C. Gratto-Trevor unpubl. data) , also were greater than those recorded at Big Quill Lake in the early 1980s (16% and 29%, Whyte 1985) ; the reason for this difference is unknown.
Although Piping Plover nest success was high from 1993 to 1995, fledging success varied among years, which is typical of this species (Haig and Oring 1987 , Maxson and Haws 2000 , Knetter et al. 2002 . At alkaline lakes in the Great Plains, Piping Plover reproductive success averages 0.89 fledglings per pair without predator exclusion, and 1.28-1.78 fledglings per pair with predator exclusion (Larson et al. 2002) . Larson et al. (2002) determined that a mean reproductive success of 1.24 fledglings per pair would be required at alkaline lakes to stabilize a declining population of Piping Plovers. This target was exceeded in 1994 and 1995 at Big Quill Lake, and it was greater than Whyte's (1985) 0.76 fledglings per pair at Big Quill Lake a decade earlier (although the low reproductive success reported by Whyte [1985] was due, in large part, to a lower rate of nesting success as opposed to fledging success). The high reproductive success at Big Quill Lake during 1994 and 1995 suggests that-at least in some years-this area may serve as a source for Piping Plovers in the Northern Great Plains.
Low fledging success in 1993 may be due, in part, to a period of prolonged heavy rainfall, combined with cold temperatures and high winds (Harris 1993) . Prior to 27 June, 55% of young were still alive, after which there was a long period of inclement weather. Once conditions had improved sufficiently to allow monitoring to resume on 7 July, all young and eggs had disappeared from the study area and a renesting effort was under way. The only chick that was known to have fledged in 1993 was later found at a staging area. It is probable, however, that other young fledged during this period of no monitoring, and were not accounted for at staging areas later in the season. Seventeen broods were 13-15 days old before monitoring temporarily ceased and some of these chicks may have fledged before monitoring resumed 9 days later. We feel that the low number of birds fledging in 1993 is likely an underestimate, although similarly low numbers of young Piping Plovers observed at the Big Quill Lake staging areas corroborates low fledging success in 1993. Survival analysis also suggests that brood survival was lower in 1993 than 1995, but was not different between 1994 and 1995, corroborating the low fledging success in 1993.
Our study suggests that Big Quill Lake may serve as a population source for Piping Plovers in the Great Plains. The low productivity of Piping Plovers at Big Quill Lake in some years may be a result of low chick survival rather than low nesting success. Because of the numbers of nesting pairs and recent high productivity, the importance of Big Quill Lake as a breeding area for Piping Plovers is evident. Measures should continue to ensure its protection and integrity.
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